The 12-lead electrocardiogram (ECG) has relatively poor specificity for identifying acute pulmonary embolism (APE). The aim of this study was to investigate ECG abnormalities according to 2 different criteria and their usefulness for assessing changes in APE.
cute pulmonary embolism (APE) is well known in Western countries. In Japan, APE is becoming more prevalent especially among overseas travelers and refugees from the Niigata Chubu earthquake. Recently, APE has been called traveler's thrombosis because it is associated with maintaining the same posture for a long period of time. In Japan, there have been few reports on APE compared with Western countries. APE causes hypoxia in arterial blood gas analysis and elevated D-dimer levels in coagulation profile testing, but there are no clinical markers for identifying it. Tests that are employed to confirm the diagnosis and assess the prognosis of APE include chest computed tomography (CT), 1 pulmonary arteriography, and echocardiography, 1,2 all of which are expensive investigations. Radiation exposure due to frequent CT is also a concern for APE patients.
Standard 12-lead electrocardiography (ECG) is useful in distinguishing APE from acute coronary syndrome. The S1Q3T3 pattern (S in lead I, Q wave in lead III, and inverted T wave in lead III) is specific for APE, 2 but the value of ECG for diagnosis of APE is debatable because the frequency of this pattern is relatively low. In some patients, APE causes electrocardiographic abnormalities and acute circulatory failure that are similar to ischemic heart disease to the extent that patients may be misdiagnosed as having acute coronary syndrome. In Japan, Fujii et al have reported the time-course of ECG changes during the acute phase of APE, but no studies have been conducted to assess changes in the acute and chronic phases. 4 This is because patients admitted in the sub-T Wave Inversion Score for Evaluation of APE acute phase may not undergo ECG monitoring. Accordingly, we investigated electrocardiographic abnormalities based on 2 sets of criteria and the possibility of predicting time-course changes of APE by ECG.
Methods

Patient Characteristics
This study was conducted in 52 patients who were suspected of having APE and were admitted to our university hospitals between 2002 and 2006. The time of onset was assumed to correspond to clinical signs and symptoms, such as acute dyspnea, tachypnea, chest pain, palpitations, syncope, hypotension, or shock. Patients with no pre-existing symptoms or findings were included. Patients with APE were limited to cases that were finally diagnosed by chest CT or pulmonary arteriography as well as a clinical examination. The institutional review boards of each hospital approved the study protocol and informed consent was obtained from all patients prior to enrollment.
ECG Evaluation
Patients underwent ECG at 2 or more of the following time points in this study: at the onset of APE and at 1 day, 3 days, 1 week, 1 month, 3 months, and 1 year after onset. ECG data obtained during health checks before enrollment were also included when available. We assessed ECG abnormalities according to Stein's criteria: (1) P wave abnormalities (right atrial overload), (2) QRS complex abnormalities (right or left axis deviation, S1S2S3 pattern, leftward shift of the transitional zone, right bundle branch block: QRS interval ≥0.10 s, S1Q3T3 pattern, right ventricular hypertrophy, low voltage, and pseudo-myocardial infarction: RST segment or T wave abnormalities with prominent Q waves), (3) ST segment abnormalities (ST elevation or depression), and (4) T wave inversion in any lead except for leads aVL, III, aVR, or V1. 5 Changes were considered to be primary in the absence of complete bundle branch block or ventricular hypertrophy. Kosuge's criteria involved assessment of T wave inversion in any lead except aVR or aVL. Two cardiologists analyzed the ECG data independently.
Statistical Analysis
Student's paired t-test was used to analyze the frequency of QRS complex abnormalities and T wave inversion. Simple linear regression analysis was used to assess the data and statistical significance was taken as P<0.01.
Results
Baseline clinical characteristics of the patients are presented in Table 1 . There were no relationships between the frequency of T wave inversion, heart rate, arterial blood gases (PaO2), and D-dimer. Table 2 shows the details of the ECG findings. ECG abnormalities, RBBB, S1Q3T3, low voltage, ST depression, and T wave inversion were observed before the onset of APE. In the study population, 41% of the patients had an S1Q3T3 pattern, 25% had right bundle branch block, 10% had right axis deviation, 46% had T wave inversion, and 15% had a normal ECG at the onset of APE. Many patients required more than 3 months for the ECG abnormalities to disappear after the onset of APE. The time-course of APE could not be evaluated solely from the ECG abnormalities.
QRS complex abnormalities and T wave inversion were assessed according to the criteria of Stein and Kosuge, respectively. According to Stein's criteria, approximately 67% of the patients had QRS complex abnormalities after onset. The frequency of T wave inversion increased during the 1st week after onset, but T waves were normalized in approximately 3 months ( Table 3) . According to Kosuge's criteria, the frequency of T wave inversion (maximum 83%) was higher than that of QRS complex abnormalities and T wave inversion by Stein's criteria (P<0.01), and T wave inversion persisted until the chronic phase at >1 year after onset ( Table 3) . In 20 cases with a preclinical ECG record, the time-course of changes in the T wave inversion score (total numbers of T wave inversions per patient) was examined. Complete right bundle branch block was observed in 1 case before APE, 1 case after APE, and 4 cases only at onset of APE (not related to severity). According to Stein's criteria, there were no significant changes in the score from the acute to chronic phases. According to Kosuge's criteria, the T wave inversion score at 3 days after onset was higher than before onset and at 3 months after onset (P<0.01; Figure) .
Discussion
Standard therapy for APE includes anticoagulants, thrombolysis, and implantation of a temporary or permanent inferior vena cava filter, 7,8 but a standard method for evaluating the time-course of APE has not been established. In this study, our aim was to find a method of evaluation of APE by ECG, which is a simple clinical test that is available in almost all medical institutions. Among our study population, only 41% of the patients had the classic S1Q3T3 pattern that is specific for APE, and this result was similar to that reported by Stein et al. 5 A high frequency of QRS complex abnormalities, which reflected acute right heart pressure overload, was observed in the acute phase, but these progressively decreased over time. T wave inversion according to Stein's criteria is frequently found in APE patients, 5,9,10 and it was noted in 37-68% of this study population. This result was similar to the findings of some earlier studies, 5,9,11 in which T wave inversion was identified at 1-2 weeks after the occurrence of QRS complex abnormalities ( Table 2) . Myocardial ischemia is usually considered as the trigger for T wave inversion in the precordial leads of APE patients. However, Kakura et al 12 proposed that the mechanism of T wave inversion in the precordial leads may be hyperextension of the right ventricular pericardium due to acute right ventricular pressure overload based on studies in a dog model. In the present study, we evaluated the frequency of QRS complex abnormalities and RAO, right atrial overload; RAD, right axis deviation; LAD, left axis deviation; S1S2S3, S in leads I, II, and III (at least 0.15 mV amplitude in each lead); CWR, clockwise rotation; RBBB, right bundle branch block; S1Q3T3, S in lead I; Q wave in lead II; and inverted T wave in lead III (each exceeding 0.15 mV in amplitude); RVH, right ventricular hypertrophy; pseudo MI, pseudo myocardial infarction. ECG abnormalities were observed after the onset of APE. There were no specific ECG findings for APE. Many patients were required more than three months to achieve normal ECG findings after the onset of APE. Kosuge's criteria, the frequency of T wave inversion was higher than that of QRS complex abnormalities, and T wave inversion by Stein's criteria after onset (P<0.01). *P<0.01.
* * T Wave Inversion Score for Evaluation of APE
T wave inversion. Previous studies assessing the clinical significance of T wave inversion in patients with APE have mainly focused on the absence or the presence of the depth of T waves, 5,13 but Kosuge et al 6 studied the relationship between the number of leads with T wave inversion, the severity at presentation and the hospital outcome of 40 APE patients. They concluded that the number of leads with T wave inversion might be a simple and useful marker of an increased risk of early complications. In the present study, a higher frequency of persistent T wave inversion according to Kosuge's criteria was observed ( Table 3) . T wave inversion according to Kosuge's criteria was thought to be more useful for evaluating APE than the QRS complex in ECG. The QRS complex abnormalities detected during the acute phase indicated a sudden right ventricular load and rapid improvement, 3 while T wave inversion associated with hyperextension of the right ventricular pericardium continued from the acute phase to the chronic phase. 12 In 20 cases with a preclinical ECG record, we investigated whether the T wave inversion score could be used to assess the time-course of APE. According to Kosuge's criteria, the T wave inversion score at 3 days after onset was higher than that before onset and at 3 months after onset (P<0.01; Figure) . Sreeram et al reported that T wave inversion occurred more often in patients with symptoms for >7 days, 9 while Yoshinaga et al found that an increase in the amplitude of the negative T wave was observed within 1 week. 11 However, they could only observe the onset of APE from the presence of T wave inversion. In the present study, the T wave inversion score according to Kosuge's criteria might be a useful index for predicting the time-course of APE. The T wave represents ventricular repolarization, and it sometimes shows inversion in leads II, III, aVR, aVL, aVF, or V1 in patients without cardiac disease. The number of leads with T wave inversion may reflect the severity of hemodynamic, anatomic, metabolic, or autonomic changes. Non-specific T wave inversion in the right precordial leads were more frequently observed in young female patients. In middle-aged and older patients, the frequency of T wave inversion in the right side precordial leads as a non-specific ST-T change is low. Thus, evaluation of the importance of T wave inversion depends on the leads that are affected. Shimozato et al reported that T wave inversion affected leads V1-3 in 65 patients with massive APE. 14 The present study demonstrated that Kosuge's criteria had more diagnostic value than Stein's criteria because lead V1 was included when assessing T wave inversion. Accordingly, T wave inversion in lead V1 seems to be important in evaluating the time-course of APE. Clinical markers can predict the onset of acute myocardial infarction even in a patient who has no symptoms. The early course of D-dimer concentration reflects thrombus size. 15 However, the thrombus size is not necessarily associated with a cardiopulmonary function disorder. The onset and effect of therapy on APE can probably be predicted from the D-dimer, but it is difficult to assess the time-course and predictor of prognosis in APE from the D-dimer level. 16 Furthermore, neither clinical markers nor imaging can detect chronic recurrent pulmonary embolism immediately after onset, so we could not definitely exclude such patients from this study. ECG is a simple noninvasive clinical test that can be performed frequently at reasonable cost, and there are fewer technical problems when compared with echocardiography. Accordingly, ECG may be useful to evaluate not only the severity of APE, but also changes over time. The T wave inversion score is useful for clinical deci- Figure. Changes in the T wave inversion score (number of T wave inversions per patient) in 20 cases with preclinical electrocardiogram records. According to Kosuge's criteria, the T wave inversion score for 3 days after onset was higher than that before onset and at 3 months after onset (P<0.01). Data are presented as the mean ± SD. KUNISHIMA T et al.
sion making when performing emergency triage of patients with APE. 17 
Study Limitations
Patients with sudden death were excluded because only patients who underwent ECG at least twice during the study period were enrolled. In addition, patients with chronic recurrent pulmonary embolisms might have been included in this study. [18] [19] [20] Further studies on APE are required to confirm our findings.
Conclusions
ECG, which is available in almost all medical institutions, was investigated as a method for evaluating the time-course of APE. The frequency of T wave inversion in any lead except aVR or aVL was higher than that of QRS complex abnormalities. To date, there have not been any simple indicators to predict the time-course of APE in either the acute or chronic phases. This study suggests that T wave inversion and T wave inversion scores are useful indicators of the time-course of APE.
